Polarization-field double hysteresis loops have hardly ever been observed at room temperature in polycrystalline NaNbO3, one of a few lead-free antiferroelectric compounds. In this Letter, it is shown that the exposure of a modified NaNbO3 ceramic to bipolar electric fields of ±160 kV/cm at 100°C can preserve the double hysteresis loops at room temperature. These double hysteresis loops can still be observed after 125 days room temperature aging with some decay in maximum polarization. Frequency dependence analysis suggests that the double hysteresis loops originate from the antiferroelectric ↔ ferroelectric phase transition, not the charged defects.
Perovskite PbZrO 3 is the prototypical antiferroelectric compound. At room temperature, the antiferroelectric phase in chemically modified PbZrO 3 ceramics can be readily transformed into a ferroelectric phase by electric fields, manifesting in the appearance of the polarizationfield double hysteresis loops [1] [2] [3] [4] [5] . Polarization hysteresis loop is the most generally accepted method to characterize a ferroelectric material and has been considered as the fingerprint which contains information on the structures and properties of the material [6] . The existence of the double hysteresis loops in PbZrO 3 -based ceramics indicates a reversible phase transition, which forms the foundation for their device applications. In these leadcontaining perovskite oxides, record-high energy storage densities ( > 50 J/cm 3 ) [7] [8] [9] and electrocaloric temperature changes ( > 45°C) [10] have been reported. NaNbO 3 , known for its complex structures and phase transitions [11] [12] [13] [14] [15] , is one of the very few lead-free antiferroelectric oxides. In contrast to PbZrO 3 ceramics, double hysteresis loops are only observed in high quality NaNbO 3 single crystals with an electric field applied perpendicular to the orthorhombic c axis during initial cycles; in subsequent cycles square loops, characteristic of ferroelectrics, are seen [12, 13] . Square polarization hysteresis loops are usually observed in polycrystalline NaNbO 3 ceramic samples at room temperature once large polarizations are developed [16, 17] . This is explained by the argument that the NaNbO 3 polycrystalline ceramic is antiferroelectric at room temperature in the as-sintered state. Exposure to a strong electric field transforms the ceramic into a metastable ferroelectric phase, which remains after the applied field is removed and produces a large remanent polarization [11, 18] . Recently, empirical rules on selecting chemical modifiers to destabilize the induced ferroelectric phase in NaNbO 3 have been put forward and tested [19] [20] [21] . In CaZrO 3 -and SrZrO 3 -modified ceramics [19, 20] , double hysteresis loops were observed at temperatures of 120°C and above. In CaHfO 3 -modifed NaNbO 3 ceramics, the polarization-field plot at room temperature looks very similar to double hysteresis loops [21] .
In this Letter, the 0.96NaNbO 3 -0.04CaZrO 3 composition reported in Ref. [19] is modified with minor additions of Li 2 O and CuO. Double hysteresis loops are observed at room temperature after an electrical treatment of the ceramic.
Ceramic pellets with the composition of (Na 0.95 Li 0.01 Ca 0.04 )(Nb 0.96 Zr 0.04 )O 3 were prepared with the solid state reaction method. In addition, 1 wt.% CuO was added as a sintering aid [22] . Starting materials include powders of Na 2 CO 3 , CaCO 3 , Li 2 CO 3 , Nb 2 O 5 , ZrO 2 and CuO. The Na 2 CO 3 and Li 2 CO 3 powders were baked at 200°C for 10 h right before use. Powders in amounts according to the chemical formula were mixed and milled in ethanol for 7 h. The slurry was dried, pressed into a cylinder form, and then calcined at 1050°C for 3 h. After another 7-hour vibratory milling, sintering was carried out at 1280°C for 3 h. The phase purity and crystal structure of the sintered pellets were analyzed with Xray diffraction using Cu Kα radiation. The polarization hysteresis loops were measured using a standardized ferroelectric test system on polished pellets electroded with sputtered silver films. During room temperature aging, the two electrodes were short-circuited.
X-ray diffraction analysis of the sintered ceramic is displayed in Figure 1 . It is clear that the ceramic is phase pure with a distorted perovskite structure. The inset shows the {21 3 4 } superlattice peak [18] , which is characteristic of the antiferroelectric phase in the base compound NaNbO 3 [15] . The other two low-intensity peaks at ∼ 36.8 o and ∼ 38.4 o can be indexed as {11 } peak is in support of an antiferroelectric structure. Therefore, the as-sintered ceramic is antiferroelectric at room temperature.
In addition to serving as the sintering aid, CuO is also known to suppress the electrical conductivity of NaNbO 3 -based ceramics [22] [23] [24] , allowing the application of strong electric fields for polarization measurements. The sintered ceramic was first tested at the peak field of 140 kV/cm at 25°C, then at temperatures in the sequence of 50, 75, 100, and 125°C. It is found that the ceramic remains antiferroelectric under the peak field up to 75°C with an almost linear dielectric response of minimum electric polarization. As shown in Figure 2 (a), the hysteresis loop starts to open up at 100°C, suggesting an antiferroelectric to ferroelectric phase transition. At 125°C fully developed double hysteresis loops are observed with a maximum polarization of 20.5 μC/cm 2 at the peak field of 140 kV/cm. Compared with the previously reported base composition (Na 0.96 Ca 0.04 )(Nb 0.96 Zr 0.04 )O 3 [19] , 1 at.% replacement of Na + with Li + appears to facilitate the antiferroelectric to ferroelectric transition, which is consistent with the role Li + plays in (Na 1−x Li x )NbO 3 solid solutions [25, 26] . After testing at 125°C, the ceramic pellet was gradually cooled down to room temperature (25°C) and the polarization hysteresis loops recorded during cooling are displayed in Figure 2 (b). It is noted that after exposure to bipolar fields of ±140 kV/cm at 125°C, the ceramic shows a much higher polarization during the cooling sequence than that at the same temperature during the heating sequence. Double hysteresis loops are almost retained at 50°C and some distortions on the loop, reminiscent of high temperature phase transitions, can still be seen even at 25°C.
The results shown in Figure 2 (a) and (b) suggest that the ceramic exposed to fields higher than 140 kV/cm at elevated temperatures may potentially retain the double hysteresis loops after it is cooled back to room temperature. This is indeed the case, as shown in Figure 2 (c) and (d) where the same pellet was exposed to ±160 kV/cm. During the heating sequence, well-developed double hysteresis loops are observed at 75 and 100°C. A maximum polarization of 28.9 μC/cm 2 is recorded at 100°C. During the cooling sequence, the double hysteresis loops are almost completely preserved at 50°C, with a maximum polarization of 26.5 μC/cm 2 at the peak field. It is quite striking that double hysteresis loops are still seen at 25°C with a maximum polarization of 18.1 μC/cm 2 . Therefore, an electrical treatment of the NaNbO 3 -based antiferroelectric ceramic is shown to stabilize the double hysteresis loops at room temperature. To clarify if the preservation of the double hysteresis loops at room temperature is a transient effect, this same pellet was kept at room temperature with two electrodes short-circuited for an aging process. The polarization hysteresis loops were recorded for a series of aging times. The results, shown in Figure 3 , indicate that the double hysteresis loops at room temperature are still observed after 36 days of aging. However, the maximum polarization decreases from the initial value of 18.1 μC/cm 2 to 9.7 μC/cm 2 during this period. It should be noted that the results shown in Figures 2 and 3 are reproducible in other pellets of the ceramic. The longest aging time conducted for this ceramic is 125 days and the double hysteresis loops are still observed in that pellet.
It was previously reported that minor addition of CuO to K x Na 1−x NbO 3 ceramics can lead to double hysteresis loops at room temperature without antiferroelectricferroelectric phase transitions [23, 24] . The interpretation is that Cu 2+ occupies Nb 5+ lattice and symmetryconforming defect dipoles are then formed with oxygen vacancies [23, 27] . Such defect dipoles provide a restoring force for domain polarization back switching during and temperature dependence. Double hysteresis loops are prominent at high frequencies (100 Hz) and low temperatures (20°C), but become a single hysteresis loop at low frequencies (0.1 Hz) and high temperatures ( > 160°C) [23] . In order to check if the double hysteresis loops observed in our ceramic have the origin from defect dipoles, the frequency effect is evaluated. As shown in Figure 4 , a ceramic pellet was exposed to ±160 kV/cm at 100°C, then the polarization loops were recorded at a series of frequencies after it was cooled to 25°C. It is observed that the double hysteresis loops are even more prominent at lower frequencies, which is the opposite of those originating from defect dipoles. Furthermore, another measurement at 170°C under ±160 kV/cm still reveals fully developed double hysteresis loops. Therefore, the double hysteresis loops observed in our ceramic cannot be a direct result of the presence of defect dipoles, they are from the electric field-induced antiferroelectricferroelectric phase transitions. Defect dipoles can only play an assisting role to producing the double hysteresis loops. Figure 2 shows that the double hysteresis loops can be stabilized at room temperature in our NaNbO 3 -based ceramic after an electrical treatment at the peak field of 160 kV/cm, but not at 140 kV/cm. We then maintained the field level of 140 kV/cm and treated the ceramic differently to test if the double hysteresis loops can be realized at room temperature. The results are displayed in Figure 5 . The first condition tested is exposing the ceramic to ±140 kV/cm at even higher temperatures (up to 170°C). After the ceramic is cooled down to 25°C, a linear dielectric response that is almost identical to the virgin state is observed, as shown in Figure 5(a) . The second condition tested is applying 60 cycles of ±140 kV/cm The experimental results reported here indicate that the ground state of the ceramic is antiferroelectric. The antiferroelectric order is so strong at room temperature that the critical field for a transition to a ferroelectric phase is in the range of breakdown strength. Without any heating or cooling, the ceramic started to develop double hysteresis loops at a peak field of 180 kV/cm. However, when the peak field is reduced to 160 kV/cm, no double hysteresis loops are observed. The purpose of adding Li + to the composition is to strengthen the ferroelectric order and to decrease the critical field. It is shown previously that the (Na 1−x Li x )NbO 3 solid solution is an antiferroelectric up to x = 0.02, a mixture of antiferroelectric and ferroelectric for 0.02 ≤ x ≤ 0.03, and a ferroelectric for x > 0.03 [26] . The addition of CuO seems to serve two purposes, as a sintering aid it facilitates densification during sintering, and as an acceptor dopant it leads to the formation of defect dipoles with oxygen vacancies. A direct benefit of CuO modification is that strong electric fields can be repeatedly applied to these ceramic pellets. The electrical treatment established in this work seems to finely adjust the subtle balance between the antiferroelectric and ferroelectric order in the ceramic and to realize reversible antiferroelectric-ferroelectric phase transitions at room temperature for a very long time. Exposure of the ceramic to AC fields of ±160 kV/cm at 100°C and above apparently shifts the balance toward the ferroelectric order and produces the signature double hysteresis loops at room temperature. The lack of function at 140 kV/cm seems to suggest that the effect is related to defect dipoles. A field of 160 kV/cm may rearrange a sufficient number of defect dipoles in the ceramic at temperatures above 100°C. These rearranged defect dipoles either serve as the seed of the ferroelectric phase, or facilitate the nucleation of the ferroelectric phase during the electric field-induced antiferroelectric to ferroelectric phase transition at room temperature. The inactive diffusional events at room temperature do not disrupt these rearranged defect dipoles, making the double hysteresis loops persist for a long period of time.
In such an assisting role, defect dipoles indirectly contribute to the presence of double hysteresis loops in our ceramic.
In summary, an electrical treatment for a NaNbO 3 -based antiferroelectric ceramic is established to produce double hysteresis loops at room temperature. After exposure of the ceramic to a critical field at temperatures of 100°C and above, the defect dipoles are believed to be rearranged and the ferroelectric order is strengthened. As a result, a reversible electric field-induced antiferroelectric-ferroelectric phase transition can be achieved at room temperature. The electrical treatment can be applied to other lead-free antiferroelectric compositions to fine tune the stability of different phases.
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